A rapid selection procedure to separate low amounts of aminoacylated tRNAs from large pools of inactive variants is described. The procedure involves a threestep protocol. After initial aminoacylation of a tRNA pool, N-hydroxysuccinimide ester chemistry is applied to biotinylate the α-NH 2 group of the amino acid bound to the 3′-end of a tRNA. The biotin tag is used to capture the derivatized tRNAs on streptavidin-conjugated magnetic beads. Variants bound to the solid phase can be amplified by RT-PCR and transcription, providing tRNAs for subsequent selection rounds.
Several methods are commonly used to select RNAs from pools of random RNAs. Classical SELEX experiments rely on the ability of certain nucleic acids to bind specifically to ligands (1, 2) . However, selection could also be based on substrate or even enzyme properties of RNAs. This has been shown in particular for aminoacylation properties (3) (4) (5) . Existing methods, however, are laborious and technically demanding. Here we describe a simple and general in vitro procedure to rapidly separate very low amounts of aminoacylated RNA molecules from large pools of inactive variants. Figure 1 summarizes the three steps of the protocol, namely (i) aminoacylation of bulk tRNA with an aminoacyl-tRNA synthetase, (ii) selective chemical tagging of the charged species with sulfo-N-hydroxysuccinimide biotin (sulfo-NHS-biotin) and (iii) capture of the aminoacylated/biotinylated molecules on streptavidin-coated magnetic beads.
The method was developed for the yeast aspartate system. Aminoacylation of tRNA Asp was done under conditions leading to optimal charging levels (to 95%). After aminoacylation the tRNA fraction was separated from salt, free amino acid and synthetase by acidic phenol extraction and subsequent HPLC.
Biotinylation conditions combine low deacylation rates of charged tRNAs with high biotinylation efficiency. It was essential to work at slightly basic pH, low temperature and a 3000-fold excess of sulfo-NHS-biotin. Under such conditions, biotinylation is efficient since a comparative deacylation analysis on aspartylated tRNA, either biotinylated or non-biotinylated, showed an increase of the half-life of the ester bond between tRNA and aspartate from 30 min to >30 h (deacylations measured in 0.2 M HEPES-NaOH buffer, pH 8.0, at 37_C). Derivatization conducted with an excess of sulfo-NHS-biotin >3000-fold did not increase significantly the yield of biotinylation. The biotinylation extent reached at maximum 90%, reflecting deacylation of part of the aminoacylated tRNAs prior to biotinylation and/or incomplete biotinylation.
In the next step the derivatized tRNAs were trapped on streptavidin-coated magnetic beads. It was particularly important to separate the excess of free sulfo-NHS-biotin prior to the capture, since any free biotin competes with biotinylated tRNAs. For aspartylated/biotinylated tRNA Asp , capture efficiency on the beads was 74% as monitored by radioactive counting of labelled aspartate. Application of either non-aminoacylated or non-aminoacylated and biotinylated 32 P-labelled transcripts on the solid phase led to an average unspecific binding of 0.25% of the input molecules (average of 10 experiments).
To test the selection procedure, artificial mixtures of charged tRNA Asp transcript diluted in a 100-or 1000-fold excess of a non-charged tRNA Asp variant (a tRNA Asp/Arg hybrid) were subjected to one round of selection. The hybrid presents mostly the tRNA Asp sequence except the anticodon loop which is that of yeast tRNA Arg (6) . Selected products were amplified by RT-PCR. As controls, the non-charged hybrid and the aminoacylated/ biotinylated tRNA Asp were transferred to the magnetic beads and amplified. Assignation was done by cloning and sequencing. Sequence analysis of the 1/100 mixture revealed that exclusively tRNA Asp sequences were found in four arbitrarily chosen clones. Alternatively, sequencing of eight clones from the 1/1000 mixture revealed two tRNA Asp sequences and six hybrids. Taken together, the procedure reveals an enrichment of active over inactive molecules of >250-fold for one round of selection.
The protocol developed for the aspartate system has been applied for the arginine and valine systems. Since biotin tagging concerns derivatization of the α-NH 2 group of the esterified amino acid, it is anticipated to apply to all amino acids excluding proline. This methodology is thus not only rapid and straightforward, but more general than the derivatization of the ε-NH 2 group of lysyl-tRNA Lys (7) and the modification of thiol groups (8) as in cysteine residues. Unlike approaches that combine the substrate function of tRNAs for synthetases and affinity of aminoacyl-tRNAs to elongation factor (3,4), the present method is able to yield specifically aminoacylated molecules despite of (ii) Biotinylation of aminoacylated tRNAs was done during 1 h at 4_C. For that, the charged tRNA fraction was dissolved in 4 µl ice-cold 0.3 M HEPES (free acid, pH 5.25) and 4.3 µl water. For derivatization the pH was raised to 8.0 with 10.7 µl ice-cold 0.3 M HEPES-NaOH (pH 9.6) before adding 4 µl fresh aqueous solution of sulfo-NHS-biotin (20 mg/ml). The excess (3000-fold) of sulfo-NHS-biotin (Pierce, USA) was removed by HPLC (see above) and the tRNA fractions EtOH-precipitated. This derivatized tRNA, purified from excess biotin, was mixed with streptavidin-coated magnetic beads (Dynal, Germany). Incubation was performed with gentle agitation for 30 min at room temperature. Beads were separated from supernatant and washed three times with high salt buffer. Primers 5′-TGGCGCCGCGACGGGG-3′ and 5′-GCGTAATACGACTCACTATAGCCGTGATAGTTTAATGG-3′ were used to amplify captured RNAs by RT-PCR. Transcription of the products with T7 RNA polymerase yielded the new RNA pool.
other possible functions. Hence, the ensemble of aminoacylated molecules is not reduced unnecessarily through a second demand or selection pressure. Compared to the method of Sampson and Saks (5), our approach is simpler and faster. However, randomization is restricted only to internal stretches of the polynucleotide chain since 5′-and 3′-end sequences have to be conserved to comprise primer binding sites for amplification by RT-PCR.
The present method has been applied to the selection of aminoacylated tRNAs from randomized libraries. For instance, from a tRNA Asp derived library containing 64 anticodon variants, after one selection round, within 10 clones nine carried the original GUC and one displayed a GGC anticodon. This mutant has been shown to be the most active anticodon variant of tRNA Asp (9) . The methodology may be further applied to the selection of ribozymes capable of catalyzing an aminoacylation reaction in cis (10, 11) . Experiments may be envisioned where the substrate is not the catalytic RNA itself but an attached organic molecule, e.g. an amino acid linked to a certain locus in the RNA. Alternatively, the method could become a new procedure for the purification of either naturally modified RNAs that contain primary aliphatic amino groups (12) or (novel) aminoacylatable RNAs from natural pools of bulk cellular RNA. Indeed we already isolated tRNA Asp from total yeast tRNA in this way.
